NGB shows both alkaline and acid Bohr effects (pH-dependent O 2 affinity) and temperaturedependent enthalpy of oxygenation. O 2 and CO binding equilibrium studies on neuroglobin mutants strongly suggest that the bound O 2 is stabilized by interactions with His(E7) and that this residue functions as a major Bohr group in the presence of Lys(E10). As shown by titration of free thiols with 4,4´-dithiodipyridine (4-PDS) and by mass spectrometry, this mechanism of modulating O 2 affinity is independent of formation of an internal disulfide bond under the experimental conditions used, which stabilize thiols in the reduced form. In CYGB O 2 binding is cooperative, consistent with its proposed dimeric structure. Similar to myoglobin but in contrast to NGB, O 2 binding to CYGB is pH-independent and exothermic throughout the temperature range investigated. Our data support the hypothesis that CYGB may be involved in O 2 -requiring metabolic processes. In contrast, the lower O 2 affinity in NGB does not appear compatible with a physiological role involving mitochondrial O 2 supply at the low O 2 tensions found within neurons. Despite their low degree of sequence similarity with other vertebrate globins, human NGB and CYGB show the same characteristic α-helix globin fold as vertebrate Hb and Mb (7, 10) . A phylogenetic tree for human globin proteins indicates that NGB diverged early in evolution and may represent the most ancestral human globin protein, whereas CYGB appears to be more closely related to Mb (13). Despite their ancient origin, neither protein has changed significantly during evolution (13), which may reflect conservation of a critical biological function.
INTRODUCTION
Neuroglobin (Ngb) 1 and cytoglobin (Cygb) are recently discovered members of the vertebrate globin family, which includes the probably most extensively studied proteins, hemoglobin (Hb) and myoglobin (Mb). Both are expressed at low levels (µ-molar range), Ngb in various regions of the brain and in the retinal cells (1) (2) (3) (4) , and Cygb in all tissues so far investigated (5, 6 ). An important characteristic is their heme hexacoordination in the deoxygenated form, where the distal histidine, His(E7), occupies the sixth coordination position of the iron atom in both the ferrous and the ferric valency states (7) (8) (9) (10) (11) (12) . Before the discovery of Ngb and Cygb, globin heme hexacoordination was regarded as a feature of certain plant hemoglobins and invertebrate or bacterial globins, but not of vertebrate globins. In contrast to Ngb and Cygb, Hb and Mb are present at high levels (m-molar range) in the red blood cells and in the striated muscle of vertebrates, and show pentacoordinate heme geometry when deoxygenated.
Despite their low degree of sequence similarity with other vertebrate globins, human NGB and CYGB show the same characteristic α-helix globin fold as vertebrate Hb and Mb (7, 10) . A phylogenetic tree for human globin proteins indicates that NGB diverged early in evolution and may represent the most ancestral human globin protein, whereas CYGB appears to be more closely related to Mb (13) . Despite their ancient origin, neither protein has changed significantly during evolution (13) , which may reflect conservation of a critical biological function.
Although monomeric, Ngb is capable of conformational changes that affect ligand affinity. A number of studies have reported the existence of at least two identifiable conformations, on the basis of heterogeneity of reaction rates (8, 14) , infrared (15) , NMR (16) and resonance Raman spectra (9) that are indicative of an open and closed conformation of the heme pocket. Two distinguishable conformations, resulting in different heme pocket accessibility, have been identified in a CYGB mutant by X-ray crystallography (10) . Also, formation of an internal disulfide bond increases the rate of dissociation of the distal His from the heme and thereby O 2 affinity in NGB and to a lesser extent in CYGB (17) .
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Although our knowledge of the structural properties of Ngb and Cygb is rapidly increasing, the physiological role of Ngb and Cygb is still largely unknown. A major hint to the role of Ngb came from the work of Sun et al. (18, 19) , who found that Ngb may protect neurons during episodes of O 2 lack. This important finding has been often referred to in the context of the general view that Ngb is involved in O 2 binding and delivery to sustain mitochondrial respiration, similarly to Hb and Mb. Remarkably, the function of certain nerve globins from invertebrates, whose sequence similarity with mammalian Ngbs is relatively high (1) , is to supply O 2 to the nerves (20) . Another piece of evidence is that Ngb appears located in the vicinity of mitochondria, as clearly shown in histochemical studies performed on retina sections (2) . Cygb, in contrast, has recently been proposed to be involved in O 2 -requiring steps in the synthesis of collagen on the basis of its expression pattern in fibrotic cells (21) . Still, practically no direct measurements have been undertaken yet on the O 2 affinity of either Ngb or Cygb to validate these hypotheses and the frequently reported P 50 value of 1 torr for NGB has been mainly derived on the basis of kinetic rate constants (8) . Moreover, discrepancies on this value exist, as another kinetic study reported a ~ 1000-fold higher O 2 affinity of NGB (22) . For these reasons we have used equilibrium methods to directly measure O 2 binding curves for NGB and CYGB, which are reported in this study.
Alternative hypotheses on the functional role of Ngb exist. In accordance with its protective effect during hypoxia (18, 19) , we have recently shown (14) that NGB in its Fe(II)NO form is an efficient scavenger of peroxynitrite, which is generated at high rate following brain ischemia (23) .
Moreover, in contrast to Hb and Mb, NGB apparently does not generate the cytotoxic ferryl Fe(IV)
form of the protein in the reaction with peroxides (14) . These observations, however, do not preclude a possible role of NGB in O 2 metabolism, given that Hb and Mb may also scavenge peroxynitrite and other reactive O 2 species (24).
In order to assess whether NGB and CYGB may contribute to physiological functions related to O 2 transport and storage, we have studied their O 2 binding equilibria over a range of pH and temperature and correlated these functional properties to the protein molecular structure and to existing data on O 2 levels present in intact cells.
Protein Expression and Purification. Recombinant wild-type NGB and CYGB and mouse
Ngb were expressed in Escherichia coli and purified as described (8, 10 Purified NGB was stored in liquid N 2 as either met or CO-derivative (see below) in small aliquots (> 1 mM heme).
Determination of Extintion Coefficients. Absorption molar extintion coefficients of met NGB
were determined after complete oxidation of the protein by potassium ferricyanide and elimination of excess ferricyanide by gel filtration (25) . The mM heme concentration of met NGB was obtained after adding solid KCN in molar excess over heme and using the extintion coefficient of 11 mM -1 cm -1 at 540 nm for Mb (25) . Extintion coefficients of deoxy and CO forms of NGB were obtained under anaerobic conditions by adding sodium dithionite (1 mg/ml) and CO gas in molar excess to a solution of met NGB of known concentration. Spectra of pure oxy NGB were measured after exposing to air samples previously reduced to the Fe(II) form in anaerobic vials by the enzymatic reducing system described by Hayashi et al. (26) . Molar extintion coefficients of oxy NGB were then calculated from the known concentration of the met NGB sample used. Reaction with 4-PDS was also employed to create the internal S-S bond between Cys(CD7)
and Cys(D5) in NGB. In the reaction derivatization of Cys(G19) with 4-PDS also occurs.
According to Grassetti and Murray (29) , free thiols are quantitatively oxidized to the S-S form when reacting with dithiopyridine, provided that they are located sufficiently close to each other. After reaction with 4-PDS, the protein was dialyzed to remove excess reagent and used in equilibrium determination of O 2 binding.
Mass Spectrometry. NGB dissolved in 5 mM Tris-HCl pH 8.5 and not previously exposed to reducing agents was analysed by mass spectroscopy in order to detect the formation of internal disulfide bridge. Sample preparation was similar to that reported by Hamdane et al. (17) . Briefly, the native sample at 5 mM concentration was dissolved in 50:50 methanol:water in 5% formic acid and injected into home-made nanoelectrospray needles. Nano-electrospray mass spectra (Nano-ESI-MS) were acquired on a Q-TOFII (Micromass, Wythwnshave, UK) over the mass-to-charge ratio of homogeneous matrix crystals was prepared on the target by adding 0.5 ml HCCA and allowed to dry. 0.5 ml of 0.1% TFA was placed on the top of the matrix layer followed by 1 µl trypsin digested solution (31) .
RESULTS
The molar extintion coefficients calculated for NGB in the met, oxy, deoxy and CO forms and used in this study are shown in Table I. O 2 affinity and cooperativity for NGB and CYGB as a function of pH and at various temperatures are reported in Fig.1 1C ). Hill coefficients for NGB are close to unity, as expected for a monomeric protein (Fig. 1A, B and C). In CYGB Hill coefficients vary with temperature and are in the range 0.63-1.63 (Fig. 1D ),
indicating the existence of both positive and negative heme-heme interactions. Reversible changes from deoxy to oxy absorbance spectra of NGB and CYGB are shown in Fig. 2 for a typical O 2 equilibrium experiment. For both proteins, the presence of a single set of isosbestic points and of the characteristic oxy-spectrum, with peaks at 543 and 576 nm (Fig. 2) , shows that the protein remains in the ferrous state during measurements of O 2 -binding equilibria. The recovery of the fully deoxygenated spectrum -or absorbance value -after complete oxygenation at the end of each experiment (not shown) confirmed the absence of significant amount of ferric protein.
A major finding of this study is that NGB displays both alkaline and acid Bohr effects (increases and decreases in P 50 with a pH decrease, respectively), depending on the temperature and on the pH range (Fig. 1A, B) . In contrast, the O 2 affinity of CYGB is virtually independent of changes in pH and decreases linearly when temperature increases (Fig. 1D) . Accordingly, van't
Hoff plot calculated at pH 7.4 shows an unusual biphasic behaviour for NGB and a linear one for CYGB ( Fig. 3) , showing temperature-dependent or -independent overall enthalpies of oxygenation (∆H, slope of the plot ·2.303R, where R is the gas constant), respectively. Specifically, at pH 7.4
and in the range 5-37 ºC, O 2 binding in NGB is exothermic at temperatures above ~ 18 °C (∆H = −15.7 kcal mol −1 ) and endothermic at temperatures below ~ 18 °C (∆H = 12.7 kcal mol −1 ). In contrast, in CYGB, as in Mb or human HbA, the overall heat liberated upon O 2 binding (∆H = −14.3 kcal mol −1 ) does not depend on the temperature of the reaction within the temperature range investigated, and is very similar to that of sperm whale Mb (∆H = −14.9 kcal mol −1 ) (Fig. 3) .
The Bohr effect found in purified recombinant NGB (Fig. 1A,B ) is also present in intact E.
coli cells overexpressing NGB and in purified recombinant mouse Ngb (Fig. 1C) The stereochemical origin of the Bohr effect has been investigated using the mutants of either human NGB or mouse Ngb where the distal His(E7) or Lys(E10) have been replaced by neutral residues. Previous studies have indicated His(E7) to be crucial in the control of the affinity for external ligands (8, 17) and that protonation at these residues alters heme reactivity (34) . As shown We also investigated the functional role of cysteine residues in position CD7, D5 and G19 by using the triple mutant GSS of human NGB where all three cysteines are replaced. This mutant protein is the same as that characterized by X-ray crystallography (7). As shown in Fig. 1C , the Bohr effect curve of the GSS mutant is superimposable to that of the wild type protein, indicating that replacement of cysteine residues does not affect heme O 2 affinity. This result also shows that during O 2 binding experiments the thiol groups on the wild type protein remain in the reduced state under the experimental conditions used here. Accordingly, O 2 affinity measured in the presence of 0.5 mg/ml DTT (P 50 = 2.1 torr at 10 ºC, pH 7.61) was comparable to that obtained in the absence of DTT (Fig. 1B) . O 2 equilibria of NGB samples pretreated with 4-PDS to induce formation of the internal disulfide bond between cysteines CD7 and D5 showed a lower P 50 than untreated samples (Table II) , thus confirming that presence of the disulfide bond increases O 2 affinity (17). Our data obtained in bistris buffer at pH 7.6 show that this increase is about 3-4 fold, whereas it is about 8-fold at pH 7.0 (17).
The number of accessible thiol groups per heme measured by the 4-PDS assay showed that under our experimental conditions, i.e. in bistris buffer and in the presence of EDTA and enzymatic reducing system, all three cysteine residues of NGB are readily accessible for reaction with 4-PDS (Fig. 4) . The stability of these groups in the reduced form, or their propensity to form disulfide bonds, was investigated under varying buffer conditions. As shown in Fig. 4 , the amount of free SH groups per heme is close to the three predicted from the amino acid sequence under the buffer conditions of this study, even after prolonged (3 h) incubation under air at 20 ˚C and regardless of the presence of the met reducing system. Mass spectrometry data on the intact globin and on the tryptic digest (Fig. 5 ) similarly show that NGB in Tris-HCl buffer has all three cysteines accessible for reaction with iodoacetamide and that the molecular mass of the non-alkylated protein (16933.42) correponds to that without the internal disulfide bond. Conversly, in phosphate buffer and in the absence of metal chelators the average amount of the thiol groups accessible to 4-PDS drops to approx. 1.4 per heme (Fig. 4) , indicating that these buffer conditions promote S-S bond formation. Interestingly, the P 50 of NGB measured for the S-S containing protein obtained after treatment with 4-PDS is practically identical to that measured after overnight dialysis against phosphate buffer without EDTA added (Table II) , confirming that prolonged exposure to these buffer conditions promote thiol oxidation. For CYGB only one cysteine was accessible for reaction with 4-PDS (not shown), similarly to human HbA 0 (Fig. 4) .
Thiol reactivity in NGB is higher than in human HbA 0 , whose Cys(F9)β reacts slower with 4-PDS (Fig. 4) . Our kinetic data for the reaction of 4-PDS with NGB clearly indicate the existence of a fast and a slow phase, whose relative amplitudes (~2:1) neatly correlate with the two cysteine residues that are exposed to the solvent in the CD7 and D5 positions and with Cys(G19), which is buried in the protein matrix and is less accessible. For comparison, in human HbA 0 the rate of reaction with 4-PDS is monophasic, corresponding to that of Cys(F9)β (30) . Kinetic parameters fitted in the reaction with 4-PDS are shown in Table III. NGB autoxidation rate in air is high and depends on pH ( To investigate whether the Bohr effect in NGB depends or not on the nature of the heme ligand, we investigated how saturation with CO is affected by changes in pH and temperature. As shown in Fig. 7 , CO saturation remained practically constant with pH at a given temperature (10 or 30 ˚C), demonstrating the absence of a Haldane (and consequently Bohr) effect when CO is the heme ligand. In addition, temperature affects O 2 and CO affinity differently. CO saturation (and thus CO affinity) of NGB increases when temperature increases from 10 to 30 ˚C (at a constant CO content) (Fig. 7, inset) , whereas O 2 affinity increases and decreases within the same temperature shift (Fig. 3) . (Fig. 1A, B) , depending on the temperature and pH. As shown in Table   II , the O 2 affinity for NGB at pH 7.0, 25 °C measured in bistris buffer (P 50 = 5 torr, Fig. 1A ) is in fairly good agreement with that estimated from the O 2 association and dissociation rate constants obtained in phosphate buffer with DTT added to keep protein thiols in the reduced state (P 50 = 8.4
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torr) (17) . Also for CYGB the measured P 50 value of ~ 1 torr at 20 °C (Fig. 1D ) lies within the range 0.7-1.8 torr calculated from kinetic experiments (6,17) (Table II) . In contrast, the affinity of NGB measured at 37 ºC (P 50 = 7.5 torr) is much lower than previously reported (P 50 = 1 torr, Table   II ).
As shown in previous studies (8, 17) , a major role of His(E7) in Ngb is to decrease the overall O 2 affinity by heme hexacoordination, as indicated by the marked decrease in P 50 when Gln or Val occupy the E7 position in human and mouse Ngb, respectively (Fig. 1C) A recent study has shown that formation of an internal disulfide bond in NGB and CYGB increases O 2 affinity by a factor ~ 8 and 2, respectively (17). The often reported P 50 value for NGB of 1 torr at 37 °C (8) does not agree with our data (Fig. 1A , Table II ) and was probably obtained under conditions favouring formation of this internal disulfide bond. This thiol-dependent mechanism of control of the O 2 affinity is not operating under the reducing conditions adopted here, which prevent thiol oxidation. This is shown by our data on thiol accessibility and mass spectrometry (Figs. 4, 5; Table III ) and by the identity between the oxygenation properties for wildtype and GSS mutant NGB (Fig. 1C) . The routinely addition of EDTA to the buffers used in our study contributes to prevent formation of S-S bonds catalyzed by trace metals, which are normally contaminating off-the-shelf buffers. In the presence of catalytic amounts of divalent metal ions, such as Cu
2+
, Fe 2+ and Mn 2+ thiol groups become readily oxidized by O 2 (35) . Moreover, even in the presence of EDTA bistris buffers appear to prevent thiol oxidation better than phosphate buffers (Fig. 4) .
Temperature Effects in NGB.
An important result of this study is the temperature-dependence of the heat of oxygenation in NGB. At temperatures lower than ~18 °C oxygenation is an endothermic process, whereas at higher temperatures oxygenation becomes exothermic (Fig. 3) .
Remarkably, as observed by Kriegl et al. (15) , the temperature dependence of bimolecular CO binding to mouse Ngb similarly changes at temperatures close to 20 °C.
The existence of a given protein structure at a given temperature is the result of compensating thermal effects. At low temperatures hydrophobic interactions are weak and H-bonds and electrostatic interactions are strong, whereas the reverse applies to high temperatures (35) . Our data suggest that NGB is stabilized by different sets of non-covalent interactions at different temperatures and therefore capable of significant changes in heat capacity. Accordingly, the heat of oxygenation becomes positive at the lower range of temperatures investigated (Fig. 3) , indicating a large endothermic contribute that may arise from breakage of oxygen-linked H-bonds and salt bridges. This effect is similar to the deviation from the intrinsic heat of ligand binding observed in Hb due to enthalpy changes associated to Bohr protons binding and release (25) . At higher temperatures the negative heat of oxygenation of NGB (Fig. 3) is consistent with loss of these polar interactions. Under these conditions, the negative ∆H values found for NGB and CYGB are those typical for vertebrate globins (25) . A recent kinetic study has reported less negative ∆H values due to a large positive contribution deriving from heme dissociation of His(E7) upon O 2 binding (36).
Thermodynamic parameters, such as ∆H of Hb oxygenation, are highly dependent on the experimental conditions chosen, including buffers, pH and temperature ranges (37, 38 Bohr group in human HbA is His(HC3)β, whose pK a rises in the R→T state transition due to the proximity of Asp(FG1)β . Accordingly, the Bohr effect in human HbA is independent of the nature of the ligand and has the same magnitude when the heme ligand is either O 2 or CO (25) . An alternative molecular mechanism must be operating in NGB, as only the affinity for O 2 (Fig. 1A , B, C), but not that for CO (Fig. 7) , depends on pH at least within the pH range here investigated. This observation is consistent with the invariance of resonance Raman and visible spectra of the CO derivative within the same pH range (9) (34, 39) . Also in the monomeric globin of the insect Chironomus thummi thummi the Bohr effect is larger when O 2 rather than CO is the heme ligand (40) . These observations support the idea that in NGB the heme-bound O 2 , which in globins, including NGB (9), has a Fe(III)O 2 − character (41), favours protonation of nearby distal residues.
We propose that the Bohr effect in NGB originates from stabilization of the bound O 2 by the distal His(E7) in its unprotonated form and that protonation at this residue favours O 2 dissociation.
As shown, the Bohr effect is obliterated upon replacement of His(E7) (Fig. 1C) , indicating a key role of this residue in the pH-dependent control of O 2 affinity. Our data show that a pH decrease may have opposite effects, namely to either decrease or increase O 2 affinity, whereby both alkaline and acid Bohr effects are observed. When pH decreases, proton binding at the His(E7) imidazole ring will progressively withdraw electrons from O 2 and favour its heme dissociation, whereby a normal (alkaline) Bohr effect is observed. At the same time, protonation at His(E7) will tend to open the heme pocket in order to solvate the positively charged imidazole (34) . This would then
give free access to a high-affinity pentacoordinate heme, and therefore give rise to a reverse Bohr effect (increase in O 2 affinity with a pH fall). As expected, each of these two opposite effects will dominate depending on the temperature and the pH range investigated, consistently with our results (Fig. 1A, B) . In an elegant series of experiments Nienhaus et al. (34) have recently shown that proton affinity of His(E7) is affected by the presence of Lys(E10), which sequesters the heme pocket from the solvent by interacting with a heme propionate chain (7). Replacement of Lys(E10) with a neutral residue will no longer protect the heme pocket from the solvent, whereby the pH at which the His becomes exposed to the solvent increases, as shown by our Fig. 1C and other data (34) . In addition, electrostatic effects of Lys(E10) free ε-amino group and the paired heme propionate on the pK a of His(E7) may also play an important role in modulating the Bohr effect of O 2 affinity. An increase in temperature would render polar interactions, such as those involving His(E7) and Lys(E10), progressively less stable, and accordingly the enthalpy of oxygenation becomes negative (Fig. 3) . Conversely, the endothermic oxygenation observed at the low temperature range investigated indicates that O 2 binding is associated with rupture, which requires heat, of polar intractions.
These conclusions nicely correlate with resonance Raman spectroscopy of the CO derivative of mouse Ngb clearly showing closed and open heme pocket conformations, where the ligand may interact or not with a polar residue within the heme pocket (9) . This model for the Bohr effect in NGB, where heme-bound O 2 directly interacts with a Bohr group, predicts that a decrease in pH should favour O 2 dissociation as superoxide ion and thus autoxidation rate. However, between pH 6.5 and 7.5 autoxidation rate remains unaffected (Fig. 6 ), whereas O 2 affinity changes (Fig. 1A, B) , suggesting a different control mechanism. Investigations on the structure of the oxygenated form of Ngb have not been carried out yet due to its intrinsic instability and will represent an important test to the hypothesis presented here.
The Bohr effect is not observed in CYGB, indicative of a different heme environment. In particular, distal pocket in CYGB is more apolar than in NGB (10, 42) , which results in a positive redox potential value compared to the negative one seen in NGB (42) and in a higher stability of the oxy form towards autoxidation ( Cooperative O 2 binding in CYGB. CYGB displays both positive (cooperative) and negative (inhibitory) heme-heme interactions (Fig. 1D ), indicating that ligation at one heme can either increase or decrease the affinity at the other heme group. This finding is consistent with its dimeric structure proposed on the basis of X-ray crystallographic studies (10) . Cooperativity within a dimeric globin has been previously described in the hemoglobin from the mollusk Scapharca inaequivalvis (44) . In this hemoglobin the interface between the two subunits comprises the helices E and F, an arrangement (the so called EF-dimer) that brings the two hemes in close contact to each other (45) . In Scapharca Hb, ligation at one heme is directly transmitted to the unligated heme through changes at the intersubunit contact. The dimeric arrangement of human CYGB is radically different from that of the EF-dimer, as shown by the three-dimensional structure of the double cysteine mutant recently solved by X-ray crystallography (10, 43) . This condition is largely due to in vivo high concentrations of reduced glutathione (GSH) (approx. 5 mM) and to the high (>500) ratio between reduced and oxidized glutathione (GSH/GSSG) (49).
Oxidation of SH groups to the S-S form increases ligand affinity in NGB and CYGB under specific in vitro conditions (17) . (17) and (6)). Sample ºC Buffer Table III . Reaction rates and relative amplitudes derived from the data in by guest on September 16, 2017 
